T cells recognize foreign antigens in association with the highly polymorphic class I and class H molecules
microglobulin suggest a role in antigen recognition. Recent data have suggested that the class lb molecule Qa-1 may be involved in antigen presentation to T cells expressing vY6
receptors. In addition, several reports have demonstrated that vy T cells can respond to mycobacterial heat shock proteins.
We report that transfection of a mouse fibroblast line with gene f23b leads to the surface expression of a molecule that is structurally identical to lymphocyte Qa-lb. In the transfected cells the predominant Qa-1 species was present in an immature intracellular form. The expression of mature cell surface Qa-1 was dramatically and selectively increased following heat shock. Furthermore, the addition of a tryptic digest of Mycobacterium bovis 65-kDa heat shock protein stabilized the surface expression of Qa-1b. These observations suggest that the Qa-1 molecule may be involved in the presentation of heat shock protein-derived peptides to the immune system.
The cell surface glycoproteins encoded by the murine major histocompatibility complex (MHC) are involved in the presentation of antigen to specific T cells. In addition to the highly polymorphic classical class I and class II surface proteins, the MHC also encodes a group of less polymorphic molecules, class lb, whose genes are located in the Qa/Tla region. The Qa-1 antigens, discovered by Stanton and Boyse (1) , are glycoproteins of 45-50 kDa that noncovalently associate with /2-microglobulin (1, 2) . Although the exact role of Qa-1 in antigen presentation has not been determined, previous reports have shown that class lb molecules may be involved in antigen presentation to y8-receptor-bearing T cells (3, 4) . Qa-lb has been reported to have structural similarities to the product of gene T23b and to be recognized by an anti-peptide serum specific for this gene product (5). 7f23b is the revised name (see ref. 6 for revised nomenclature) of gene 37 originally described by Transy et al. (7) . This gene is located in the Qa/Tla region of the mouse MHC, and its product exhibits wide tissue distribution and low polymorphism (7) .
Previous studies demonstrated that transfection of f233b cDNA into mouse L cells resulted in the expression of three glycosylated proteins that were associated with P82-microglobulin; the 43-kDa intracellular form and two surface proteins of 45.5 and 49 kDa (8) .
In our study, transfection of mouse fibroblasts with a genomic fragment containing gene T23b led to the surface expression of a protein that was serologically and biochemically identical to Qa-lb. Immunoprecipitation ofT23b protein in extracts prepared from biosynthetically labeled cells revealed that the level of mature cell surface Qa-lb expression was very low. The low level of surface expression was dramatically increased by heat shock treatment of the transfected cells. In addition, a tryptic digest of the 65-kDa heat shock protein (Hsp65) of Mycobacterium bovis was able to enhance the surface stability of this molecule. The implications of this heat shock protein regulation of Qa-lb and the possible role of this molecule in antigen presentation to y8 T cells are discussed.
MATERIALS AND METHODS
Plasmid Construction and Transfection. Plasmid p37EE89, carrying gene 723 , was a generous gift of M. Cochet and P.
Kourilsky (Institut Pasteur, Paris). The insert containing T23b was cloned into the EcoRI site of the eukaryotic expression vector pSG-5 (Stratagene) to give pSG-g37. Plasmid pSG-g37 and a plasmid carrying the neomycin-resistance gene, pSV2neo, were cotransfected into thymidine kinase-negative mouse L cells (Ltk-cells) by the calcium phosphate method, essentially as described (9) . The stable transfected cell line L-g37 was continually maintained in selection medium containing Geneticin (G418 sulfate; BRL) at 0.8 mg/ml.
Cell Culture and T-CeU Activation. The mouse fibroblast cell line Ltk-was grown as a monolayer in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, glutamine, and antibiotics. Activated T cells were prepared by treatment of splenocytes with anti-CD3 antibody (145-2C11). Briefly, 150-cm2 culture flasks were coated with 15 ,ug of antibody dissolved in 10 ml ofRPMI 1640 medium (no serum) and were incubated for 1 hr at room temperature. After the incubation period, splenocytes and 50 ml of RPMI 1640 supplemented with 5% fetal bovine serum, penicillin (100 ,ug/ml), streptomycin (100 ,ug/ml), Fungizone (0.25 ,ug/ml), and 0.5 ,M 2-mercaptoethanol were added to each flask. After 48 hr of incubation at 37°C, viable cells were isolated by Ficoll/Hypaque density centrifugation.
Radiolabeling, Antibodies, and Immunoprecipitation. Metabolic labeling with [35S]methionine and surface lactoperoxidase-catalyzed iodination of the cells were performed as described (10) . Anti-T23b peptide serum was raised against a synthetic peptide corresponding to the deduced amino acid sequence of the cytoplasmic domain encoded by T23b cDNA (7) . Alloantisera to Qa-1a and Qa-1b were raised as described (1) . After 125I labeling, cells were washed twice with phosphate-buffered saline containing 2 mM Nal and once wi .h Abbreviations: MHC, major histocompatibility complex; BSA, bovine serum albumin; endo, endoglycosidase.
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phosphate-buffered saline. The washed cells were lysed for 15 mmn in 0.5% (wt/vol) Nonidet P40/25 mM Tris HCI, pH 7.5/150 mM NaCI/10 mM EDTA containing protease inhibitors (leupeptin, 10 pug/ml; pepstatin A, 1 ,kg/ml; benzamidine, 10 mM; L-1-tosylamido-2-phenylethyl chloromethyl ketone, 100 pug/ml; phenylmethylsulfonyl fluoride, 1 mM; iodoacetamide, 20 mM, E-aminocaproic acid, 50 mM). The nuclei and cell debris were removed by centrifugation at 10,000 x g for 10 min. After preclearing of the cell extracts with prewashed protein A-Sepharose for 1 hr at 40C, the appropriate antibody was added and the reaction was allowed to continue for 4 hr at 4°C. To remove the antibody-antigen complexes, prewashed protein A-Sepharose was added to the reaction mixture. After incubation for 2 hr, the complexes were removed by centrifugation at 2000 x g and washed extensively with 25 mM Tris-HCl, pH 7.4/150 mM NaCl/1% Nonidet P-40/0.1% SDS/0.5% sodium deoxycholate. Samples were prepared by the addition of an equal volume of2x SDS sample buffer to the washed resin and boiling for 2 min prior to SDS/PAGE (12.5-15% gradient gel). Immunoprecipitated proteins were visualized by autoradiography of the dried gel.
Endoglycosidase F and V8 Protease Digestion. The immunoprecipitated proteins were eluted from protein A-Sepharose by boiling for 2 min in 100 mM sodium phosphate, pH 6.1/50 mM EDTA/1% Nonidet P40/0.1% SDS/1% 2-mercaptoethanol. Aliquots of each sample were mock-treated or treated with 1 unit of endoglycosidase F (endo F; Du Pont) at 37°C for 16 hr. After the incubation period, an equal volume of2x SDS sample buffer was added and the samples were boiled for 2 min prior to SDS/12.5-15% PAGE. After visualization by autoradiography, the portions of dried gel corresponding to the Qa-1 or T233b polypeptide were removed and subjected to digestion with Staphylococcus aureus V8 protease (11) .
Heat Shock Treatment and Western Blot Analysis. Heat shock treatment was performed by placing monolayer cultures of cells at 42°C for 1 hr. After heat treatment, cells were placed at 37°C and harvested at indicated times following recovery from heat treatment. Detergent extracts were subjected to SDS/12.5% PAGE and proteins were detected by Western blot analysis with anti-T23b serum alone or with a mixture of anti-T23b serum and monoclonal antibody to human Hsp72 and -73 that cross reacts with their murine counterparts (SPA-802, StressGen Biotechnologies, Sidney, Canada). The immunoblotted proteins were visualized by using horseradish peroxidase-conjugated goat anti-rabbit and goat anti-mouse antibodies and the enhanced chemiluminescence Western blot detection system (Amersham). Alternatively, immunoblotted proteins were visualized by using alkaline phosphatase-conjugated goat anti-rabbit antibodies and the nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate detection method (12) (13) . Digested proteins or poly(Glu50, Tyr50) (Sigma) was added to the cells at 100 ,ug/ml in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, brefeldin A (10 gg/ml; Sigma), and 132-microglobulin ( (Fig. 2A, lane b) . Both the 42-kDa and 49-kDa forms were detected in L-g37 cells by Western blotting using anti-T23b peptide serum (Fig. 2A, lane c) . The identification of these species on Western blots was inhibitable by the T23b peptide (data not shown), and these species were absent from mock-transfected cells (Fig. 2A, lane d) .
Recent studies of peptide-MHC interaction using the RMA-S mutant cell line, which is deficient in surface class I molecules, suggested that the inability of class I molecules to be efficiently expressed on the cell surface was due to the absence of peptide in the MHC groove. The presence of appropriate peptide in the groove appeared to confer stability to class I molecules (16, 17) . In another study, culturing of non-mutant cells with appropriate peptide seemed to upregulate the surface expression of H-2Ld class I molecule (18 induced protein Hsp72 (Fig. 2B) . The maximum accumulation of Hsp72 was reached 12 hr after heat treatment and the protein was virtually undetectable after % hr (determined by densitometric scanning of the Western blot, Fig. 2C ). This observed pattern of heat shock induction of Hsp72 is consistent with previous reports showing the effect of heat shock/stress on mammalian cells (22) . The expression of the mature form of Qa-lb decreased immediately after heat shock (Fig. 2B, 1 hr) . This result is consistent with the previous reports showing the inhibitory effect of heat shock treatment on total cellular protein synthesis (22) . After the initial decrease the level of the 49-kDa cell surface form, which corresponds to the fully processed molecule, began to increase at 6 hr after heat treatment and continued to increase up to 4 days after treatment. The surface form of Qa-lb was observed as a doublet (l1-kDa difference), 24- N-linked glycosylation of Qa-1 (5). Densitometric scanning of the Western blot showed that the level of polypeptide corresponding to the surface form increased '=15-fold over that in untreated cells (Fig. 2 B and C, 96 hr) .
The increase in the surface expression of Qa-lb in heatshocked L-g37 cells was also detected by flow cytometry (Fig. 3) . The effect of heat shock is selective for Qa-lb, since (Fig. 3) .
Surface Expression of Qa-lb Can Be Stabilized by a Fragment of M. bovis Hsp65. Since several reports have provided evidence for the recognition of M. bovis Hsp65 by y8T cells in a nonclassical MHC-restricted fashion (17) (18) (19) and since Qa-1 was reported to present a synthetic copolymer [poly(Glu50,Tyrn)] to Hy T cells (3), we examined the possibility that the presence of M. bovis Hsp65-derived peptides or poly(Glu,Tyr) might stabilize Qa-lb surface expression.
Incubation of RMA-S cells at 260C results in an increase in the surface expression of "empty" class I molecules that are unstable at 370C unless an appropriate peptide is present (16, 17) . To test the possibility that a fragment of M. bovis Hsp65 can stabilize the surface expression of Qa-lb, L-g37 cells were incubated at 26TC for 24 hr and then returned to 37TC.
The synthetic copolymer poly(Glu,Tyr) or a tryptic digest of BSA or of M. bovis Hsp65 was incubated with the cells. To block further transport of Qa-1 from the endoplasmic reticulum to the cell surface, brefeldin A was also added to the medium. Since a lack of 132-microglobulin may cause dissociation of peptide/heavy-chain complexes, human 182-microglobulin was also added to the medium (23) . Cells were placed at 370C and harvested at various times for determination of mature Qa-lb by Western blot analysis. Incubation of the cells at 26TC increased the level of mature Qa-lb =5-fold (Fig. 4A, lane b) . A similar increase in the surface Qa-lb at 260C was also detected by flow cytometry (Fig. 4C) .
Incubation in the absence (data not shown) or presence (Fig.  4) of a tryptic digest of BSA did not stabilize the mature Qa-lb molecule and the expression level decreased to trace amounts shortly after transfer to 37TC. In contrast, incubation with a tryptic digest of M. bovis Hsp65 stabilized the expression of Qa-1b following return to 370C (Fig. 4 A and B) . Poly(Glu, Tyr), shown previously to be recognized by y5 T cells in association with Qa-lb (3) , also stabilized cell surface Qa-lb expression (Fig. 4) .
Under conditions where stabilization was not observed following the return to 37TC, low molecular weight species, presumably degradation products, reactive with anti-T23b peptide serum were detected (Fig. 4A) . Lower levels of degradation products were detected when a tryptic digest of M. bovis Hsp65 was incubated with the cells. Under conditions where more efficient stabilization was achieved, no degradation products were detected (Fig. 4A) Clearly, heat shock facilitates efficient cell surface expression of Qa-1. Heat shock is known to induce the synthesis of Proc. NatL Acad. Sci. USA 88 (1991) Proc. Natl. Acad. Sci. USA 88 (1991) 10479 numerous new protein species, some of which function as "chaperones" (24, 25) . Such chaperones may function to promote Qa-1 surface expression, either directly by affecting folding and trafficking of the Qa-1 molecule or indirectly by promoting accessibility of relevant peptide(s) for binding to Qa-1.
An alternative mechanism would be for the peptides derived from degraded heat shock proteins to bind to the Qa-1 binding site, thus facilitating efficient surface expression. We found that cold (260C) treatment upregulated Qa-lb surface expression on L-g37 cells and that this upregulation was unstable following return to 370C. This result, which is similar to observations made in other systems examining the conventional class I molecules, indicates that cell surface Qa-1 molecules devoid of self-peptide in their binding site are unstable and rapidly degrade at 370C. Importantly, the cell surface Qa-1 that accumulated at 260C was stabilized after return to 370C when incubated with a tryptic digest of M. bovis Hsp65 or poly(GluTyr). This behavior is consistent with poly(GluTyr) or a peptide derived from M. bovis Hsp65 binding to "empty" Qa-1 molecules and stabilizing surface expression. Poly(Glu,Tyr) has been shown to be recognized by 'y8 T cells in association with Qa-lb (3) . Collectively, these data are consistent with the latter mechanism in which heat shock protein-derived peptide(s) binds to the Qa-1 molecule and effect stable surface expression.
We have not determined which heat shock protein is responsible for the upregulation of Qa-lb. Although our data suggest that the murine analogue of M. bovis Hsp65 is a strong candidate, we cannot rule out the possibility that other self heat shock proteins may play a role. So far, the exact role of the class lb molecules such as Qa-1 has not been elucidated. However, their deduced structural similarities to conventional class I proteins and their association with 832-microglobulin suggest that they function in antigen presentation similarly to class I molecules. Several reports have suggested that the class lb molecules might be involved in antigen presentation to y8-receptor-bearing T cells. These include reports of human and mouse y8 T cells that recognize class lb molecules as alloantigens (26, 27) , the observation that a T-cell hybridoma expressing y and 8 chains recognizes poly(Glu50,Tyr5°) and Qa-lb (3) , the finding that many 'y5 T-cell lines can recognize targets in a non-MHCrestricted fashion, and the identification of several a,8 and y8 T-cell lines that recognize heat shock proteins (21, (28) (29) (30) (31) . Collectively these observations as well as data in this paper suggest a role for class lb MHC molecules such as Qa-1 in the processing and presentation of heat shock proteins to the immune system. Perhaps such a mechanism is utilized by the immune system to recognize host cells that have been altered during early stages of pathological processes.
